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Synuclein: A Neuron-Specific Protein Localized to the Nucleus and

Presynaptic Nerve Terminal
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We used an antiserum against purified cholinergic synaptic
vesicles from Torpedo and expression screening to isolate
a cDNA clone encoding synuclein, a 143 amino acid neuron-
specific protein. A cDNA clone was also isolated from a rat
brain cDNA library that encodes a highly homologous 140
amino acid protein. The amino terminal 100 amino acids of
both proteins are comprised of an 11 amino acid repeating
unit that contains a conserved core of 6 residues. The sy-
nuclein gene is expressed only in nervous system tissue,
not in electric organ, muscle, liver, spleen, heart, or kidney.
In the electric organ synapse Torpedo synuclein-immuno-
reactive proteins are found in 3 major molecular-weight
classes of 17.5, 18.5, and 20.0 kDa. In the neuronal cell soma
the 17.5 kDa species is predominant and immunoreactivity
is localized to a portion of the nuclear envelope.

Intercellular signaling in the nervous system is mediated at the
synapse, a highly specialized structure that has evolved to trans-
form electrical information carried by the action potential to a
secreted chemical message (e.g., Augustine et al., 1987). Yet
despite its central role in the nervous system, little is known
about many of the molecules that underlie presynaptic function
(Reichardt and Kelly, 1983). A number of molecules that are
localized to the presynaptic nerve terminal have been identified,
including synapsin 1 (Huttner et al., 1983; McCaffery and
DeGennaro, 1986; Baines, 1987), tor 70 (Carlson and Kelly,
1983), synaptophysin (Matthew et al., 1981; Buckley and Kelly,
1985; Wiedenmann and Francke, 1985), calelectrin (Geisow et
al., 1986), and mediatophore (Israel et al., 1986). However, the
precise roles of these molecules in synaptic transmission are still
under investigation.

Of particular importance in communication between neurons
is the metabolism of neurotransmitters which must be synthe-
sized, packaged into vesicles, transported, and released at the
correct time and place. Modulation of these processes generates
changes in the efficacy of synaptic connections and underlies
simple forms of learning. Both short-term changes dependent
on second-messenger-mediated covalent modification of preex-
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isting molecules and long-term changes in gene expression have
been proposed to account for the modulation of synaptic strength
(Berridge, 1986; Goelet et al., 1986; Schwartz and Greenberg,
1987), yet the means whereby synaptic and nuclear events are
coordinated remains a mystery. By defining neuron-specific gene
products localized to the synapse we hope to further our un-
derstanding of these and other neuronal functions.

A difficulty in defining the molecular architecture of the syn-
apse lies in the heterogenous nature of this complex structure
in the CNS. The electromotor system of the marine elasmo-
branchs provides a partial solution to this problem. The elec-
tromotor nucleus is a large homogenous cluster of cholinergic
motor neurons innervating the electroplate cells of the electric
organ (Luft, 1958). The electric organ contains an extremely
high density of synapses, which closely resemble the mammalian
neuromuscular junction. This system has been exploited in stud-
ies of several postsynaptic molecules, including the ACh recep-
tor (Noda et al., 1982) and AChE (Schumacher et al., 1986).

The electric organ is an important source of materials for
studies of the presynaptic nerve terminal as well. Cholinergic
synaptic vesicles from electric organ have been purified and
characterized in some detail. The vesicles from Narcine brasi-
liensis are 80 nm in diameter and contain approximately 47,000
molecules of ACh, as well as 17,000 molecules of ATP and
GTP. The purified synaptic vesicles have a lipid-to-protein ratio
of 5:1 by weight, and 20 size classes of proteins are observed
on SDS/polyacrylamide gels (Carlson et al., 1978; Tashiro and
Stadler, 1978; Wagner et al., 1978; Ohsawa et al., 1979). While
some of these proteins appear specific to the purified vesicles,
others appear in the nonsynaptic vesicle material as well.

Carlson and Kelly (1980) generated a rabbit antisera by im-
munizing with purified cholinergic synaptic vesicles from elec-
tric rays. When this antisera was preabsorbed with electric organ
membranes free of synaptic vesicles, about half of its vesicle
binding activity was retained. Therefore, the vesicle prepara-
tions contain both antigens which are shared with other mem-
branes and those specific to synaptic vesicles. Additional studies
demonstrated that this antibody stains a subclass of mammalian
nerve terminals (Hooper et al., 1980).

To further characterize synaptic proteins we used this antisera
against cholinergic vesicles to screen an expression vector cDNA
library constructed with mRNA isolated from the electromotor
nucleus. In this report we characterize one of the genes isolated
from this screen. In Torpedo and rat the gene encodes a protein,
synuclein, comprised largely of 11 amino acid repeat units. The
gene is expressed only in neurons, and immunoreactivity is
localized to a region of the nucleus as well as the presynaptic
nerve terminal. On the basis of the subcellular localization of



immunoreactive material, we propose that this protein, or fam-
ily of proteins, may be involved in coordinating nuclear and
synaptic events.

Materials and Methods

¢DNA cloning. Clones were obtained by expression screening of a cDNA
library made in Agt 11 from poly A* RNA isolated from the electric
lobe of Torpedo californica. The antibody used was raised against pur-
ified synaptic vesicles by Carlson and Kelly (1980). Library preparation
and isolation of clones were performed essentially as published (Huynh
et al., 1985).

Antisera preparation. Fusion protein was made from both clone 17B
and Agt-11 phage without insert. Crude lysate was run on polyacryl-
amide-SDS gel, and the fusion protein was excised from the gel, washed
in distilled water and stored at —20°C, Fisher strain rats were injected
with 40 ug protein in the gel slice, intraperitoneally 5 times at 10 d
intervals. Blood was collected by cardiac puncture, spun at 10,000 x g
for 30 min at 4°C, and stored frozen at —80°C until use.

Microscopy. Torpedo tissues were fixed and embedded in Epon or in
Lowicryl K4M and immunostained according to published procedures
(Kreiner et al., 1986), except that Torpedo physiological saline buffer
(280 mm NaCl, 3 mm KCl, 1.8 mm MgCl,, 1.2 mm NaPi, pH 6.8: TPS)
was used instead of PBS. Primary antibody was diluted 1:100 for im-
munofluorescence, and 1:10 for EM immunochemistry.

Protein blotting. Proteins were extracted in the presence of 10 mm
EGTA, according to Wagner et al. (1978). Blotting on nitrocellulose
filters was carried out essentially as Burnette (1981), and revealed by
HRP-DAB method.

RNA analysis. RNA was extracted in the presence of guanidinium-
HCL, poly A* RNA was selected on oligo dT columns and separated
on formaldehyde agarose gel using standard procedures (Maniatis et al.,
1982).

DNA sequencing. Afier subcloning into Bluescript vectors, chain-ter-
mination methods of sequencing were used with Klenow enzyme and
later with Sequenase enzyme according to the manufacturers recom-
mendations.

Results
The synuclein protein
About 400,000 M\gt-11 clones were screened with the antisera
generated against synaptic vesicles, resulting in about 150 pos-
itive plaques with signals of varying intensity above background.
Forty-nine clones with a variety of signal intensities were pur-
ified. To determine the number of independent sequences pres-
ent in this set of clones, individual cDNA inserts were isolated
and hybridized back to the original set of clones. The 49 clones
fell into 17 classes: two clones were represented 10 times, one
clone 6 times, 3 clones 3 times, 3 clones 2 times, and 8 clones
were each present once. The inserts range in size from 500
nucleotides to about 3 kilobases (kb). Since almost half of the
clones were isolated only one time, further screening would be
required to purify all of the genes in the library that synthesize
fusion proteins recognized by the synaptic vesicle antibody.
The original Torpedo cDNA clone (clone 1 7B, present 6 times
in the original screen) was used to screen a rat brain cDNA
library, resulting in several clones which hybridized at an in-
termediate stringency of 60°C. The nucleotide and inferred ami-
no acid sequences of the rat and Torpedo cDNAs are shown in
Figure 1. The rat synuclein ¢cDNA clone contains a long 5’
untranslated region of almost 1500 nucleotides. This region
contains numerous stop codons in all reading frames; the longest
potential protein that could be encoded by this portion of the
¢DNA is only 84 amino acids. In contrast, the Torpedo cDNA
clone contains 5’ untranslated region that begins at a natural
EcoRI restriction enzyme site 27 nucleotides from the initiator
methionine residue. Thus, the Torpedo (§-galactosidase (3-gal)
fusion protein consists of 9 amino acids encoded by the un-
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translated region of the cDNA followed by the 143 amino acids
of synuclein (Figs. | and 2). The 3’ untranslated regions of the
rat and Torpedo clones are 268 and 441 nucleotides, respec-
tively. No significant nucleotide sequence homology is observed
between these untranslated regions. Open reading frames 143
and 140 amino acids are found in the Torpedo and rat clones.
The 2 ¢cDNA clones are about 85% homologous throughout
much of the open reading frame, confirming this portion of the
¢DNAs as the coding region.

The Torpedo and rat synuclein proteins have calculated mo-
lecular weights of 14,811 and 14,496 Da, respectively, and are
schematically illustrated in Figure 2. Several copies of an 11
amino acid repeat are apparent in the synuclein protein as de-
picted in Figures 1-3. The first repeat begins 6 amino acids after
the initiator methionine and is followed by 7 tandem copies in
rat (R1-7) and 8 tandem copies in the Torpedo (T1, T2a, T2b,
T3-7) protein. Homologous repeat units between species are
more highly conserved than units within a particular synuclein
protein. For example, T2 and R2 are more homologous than
T1 and T2. This organization suggests the repeated motif arose
prior to the divergence of rat and Torpedo. In contrast, repeat
units T2a and T2b are identical in both protein and DNA se-
quence, and only a single copy of this repeat is found in the rat
gene, suggesting the second copy of this unit arose via a relatively
recent duplication since the divergence of Torpedo and rat.

The 11 amino acid repeat sequences are aligned in Figure 3,
revealing a central conserved core of 6 amino acid residues, Lys-
Thr-Lys-Glu-Gly-Val. These amino acids are present in at least
10 of the 14 possible positions, whereas the first 3 and the last
2 residues of the repeat unit are more highly variable. Due largely
to the presence of 3 charged residues in the conserved core, most
of the repeated region of synuclein is hydrophilic and basic.
Unit 6 is the least conserved of the repeats, where all of the
charged residues are replaced by hydrophobic or polar amino
acids. As a result, the carboxy terminal end of repeat 5, repeat
6, and the amino terminal end of repeat 7 form an 18 amino
acid stretch lacking charged residues. The presence of a number
of valine and alanine residues in this portion of the protein gives
rise to a substantial hydrophobic region. The homology between
species over the repeated region of the gene is about 80%, how-
ever, the homology drops quite dramatically as one moves fur-
ther toward the carboxy terminus of the protein. While the
precise sequence of the carboxy terminal end of the protein is
not well conserved between species, the hydrophilic and acidic
nature of this region is conserved.

Only one homology to other characterized sequences has been
found by searching protein data banks. The 6 amino acids of
the conserved core are found in the carboxy terminal portion
of the rho gene family. The rho genes share 35% homology with
the ras family of G proteins (Madaule and Axel, 1985), which
may be involved in transducing information from cell surface
receptors (Gilman, 1984; Michell and Kirk, 1986). The ho-
mology occurs in a portion of the ras and rio genes which are
relatively conserved and have been proposed to form part of
the GDP binding pocket (McCormick et al., 1985).

Expression of the synuclein gene

RNA blotting was used to determine the tissue specificity of
synuclein expression. Poly A* RNA was isolated from several
Torpedo tissues and probed with a Torpedo actin gene to assess
the state of the RNA in the various preparations (Fig. 44). Each
of the 6 RNA samples hybridized to an actin transcript of ap-
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Figure 1.

Nucleotide and predicted amino acid sequence of rat and Torpedo synuclein. The nucleotide sequences of rat brain (top) and Torpedo

electric lobe (bottom) cDNA clones are presented along with the predicted amino acid sequences. The complete rat sequence is shown, and the
differences between the species are presented below in the lines labeled Tor. Nucleotides are numbered to the right and the amino acids are
numbered above. Two insertions and/or deletions were introduced to maximize the homology (///). Termination codons flanking the coding regions
are illustrated in the 5’ and 3’ ends of the cDNAs (***). The AXUAAA sequence is underlined in the 3’ end of the Torpedo clone. The amino acids
of the conserved core region of an 11 amino acid repeat is bold and underlined. The repeats are numbered R1-7, corresponding to the 7 repeats
of the rat sequences. The Torpedo protein contains a unit that is not present in rat, labeled T2b.

proximately 2.1 kb. Differences in the intensity of hybridization
may reflect different levels of actin transcripts, the relative purity
of the poly A* RNA or some combination of these and other
variables. The actin probe was washed off the filter and reprobed
with the labeled synuclein cDNA insert. Figure 4B demonstrates
synuclein is expressed in the electric lobe, the brain, and the
spinal cord (lanes 1, 2, and 5) but not in muscle, liver, or electric
organ (lanes 2, 4, and 6). The transcript is approximately 1.4
kb, and no hybridization is seen in the non-neural tissues even
with much longer exposures. Relative to the actin transcript,
the synuclein message is most abundant in the electric lobe
followed by spinal cord and brain, suggesting the gene is not

expressed at equivalent levels in all CNS tissues. Similar ex-
periments in rat demonstrate the gene is expressed in brain but
not spleen, liver, heart, or kidney (data not shown). Therefore,
the data thus far demonstrate nervous system specific expression
of synuclein.

The distribution of synuclein immunoreactivity was studied
using protein blotting techniques (Fig. 5). Protein was extracted,
separated by PAGE, blotted onto nitrocellulose, and probed
with an antiserum raised against the Torpedo synuclein/3-gal
fusion protein or native 8-gal. Inspection 8% polyacrylamide-
SDS gel blots did not reveal any differences between the fusion
protein antibody and the control. In contrast, blots of 15% poly-
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Figure 2. Schematic representation of the rat and Torpedo synuclein proteins. The g-gal/synuclein fusion protein contains 9 amino acids that are
synthesized from the 5’ untranslated region of the mRNA followed by the complete Torpedo protein. The 11 amino acid repeating unit is represented
by arrows and the individual repeats are labeled T1, T2a, T2b and T3-T7. T2b is not present in the rat protein. The hydropathy plot shows that
the protein is largely hydrophilic with the exception of the region centered around repeat T6. A schematic of the rat protein is presented along with
the corresonding hydropathy plot. The percentage amino acid homology between rat and Torpedo synuclein is plotted using 10 amino acid windows
along the length of the protein. The portion of the protein containing the repeat is highly conserved. While the 3’ ends are both acidic, the precise

sequence is not well conserved.

acrylamide gels containing urea to resolve the low-molecular-
weight proteins (Kaldany et al., 1985) revealed a set of specific
bands in the molecular-weight range between 17.5 and 20 kDa.
The electric lobe, spinal cord, and brain exhibit an intensely
staining band at 17.5 kDa and a series of fainter bands at 18.5
and 20 kDa, as well as less abundant higher-molecular-weight
species. No specific staining was observed in heart (data not
shown), muscle, or liver. Three bands of approximately equal
intensity were observed in the electric organ. Since no synuclein
RNA is observed in the electric organ, the proteins must be
synthesized in the neuronal cell bodies and axonally transported
to the nerve terminals. In summary, synuclein is a protein or
series of proteins expressed in the nervous system but not in a
variety of other tissues in Torpedo and rat. In addition, the
proteins are transported to nerve terminals and are found in at
least 3 different forms.

Synuclein in the neuronal cell soma

The distribution of synuclein-immunoreactive material was in-
vestigated using both light and EM level immunohistochem-
istry. Electric lobe tissue was fixed in paraformaldehyde fol-
lowed by embedment in Lowicryl. One micron sections were
stained with synuclein fusion protein antibody and fluorescein-
conjugated wheat germ lectin, which recognizes sugar residues,
added to proteins in the Golgi (Vanen et al., 1980). A goat
anti-rat antibody coupled to rhodamine was used to visualize
the synuclein immunoreactivity (Fig. 6). These experiments re-
vealed intense staining, not observed in control experiments
with the 8-gal antibody, which appeared to be along a restricted
segment of the inner nuclear membrane. This staining was ob-
served in over 50 independent neurons, but only in about 15%
of the sections containing neuronal nuclei. The fraction of neu-
rons staining for synuclein can, at least in part, be attributed to

the fact that only part of the nucleus contains immunoreactive
material.

To better resolve the immunoreactive material, EM histo-
chemical studies using HRP to visualize the antigen were per-

1 11

Tl GFSFAKEGVVA

R1 GLSKAKEGVVA

T2 AAEKTERKQGVQD

R2 AAEKTEKQGVAE

T3 AAEKTEKEGVMY

R3 AAGKTERKEGVLY

T4 VGETKTEEGYVVQ

R4 VGSKTKEGVVH

T5 VITEKTEKEQANYV

R5 VAEKTERKEQUVTN

T6 VGGAVVAGVNT

R6 VGGAVVTGVTA

T7 VASKTVEGVEN

R7 VAQKTVEGAGN
conserved core KTEKEGYV

Aplysia Rho CSAKTEKEGUVRD

H-Ras TSAKTRQGVED

Figure 3. Alignment of the rat and Torpedo 11 Amino Acid Repeat
Sequence. The 7 rat (R1-7) and Torpedo (T1-7) repeat sequences are
aligned, revealing a highly conserved central core of 6 amino acids,
which are bold and underlined. Residues of the conserved core are
homologous at a minimum of 10 of 14 positions, while other positions
are less well conserved. A homology to the Aplysia rho and human ras
proteins is presented.
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Figure 4. Synuclein is specifically ex-
pressed in neural tissues—RNA blot
analysis. 4, Poly A* RNA was purified
from electric lobe (lane 1), brain (lane
2), muscle (lane 3), liver (lane 4), spinal
cord (lane 5), and electric organ (lane
6). RNA, 6 ug, was fractionated on aga-
rose gels, transferred to nitrocellulose
and probed with a radiolabeled Tor-
pedo actin gene. The arrow indicates a
transcript of approximately 2.1 kb. B,
The blot in 4 was washed of bound
actin probe and rehybridized to a la-
beled synuclein cDNA clone. The large
arrow indicates a 1.4 kb transcript found
in the electric lobe, brain, and spinal
cord; the smaller arrow indicates the
position of the actin transcript.

formed. In these experiments, the precise localization of the
antigen was more apparent. A portion of the nuclear envelope
is most intensely stained and the immunoreactivity diminishes
toward the center of the nucleus. In this section, the staining is
along 90 pym of nuclear membrane and the gradient is approx-
imately 10 um deep, although this varied somewhat from cell
to cell (Fig. 7).

Occasional punctate cytoplasmic staining was observed with
a control antibody generated against 8-gal, and therefore it is
not specific to synuclein. Furthermore, it is possible that an
antigen unrelated to the gene we have cloned is being recognized
in this experiment. The agreement between the predicted mo-

lecular weight of the protein from the cDNA sequence and the
protein blots described earlier suggests the same antigen or an-
tigens are being recognized in the terminals and the cell body.
In further summary, these experiments suggest that in the cell
bodies of the electromotor neurons synuclein immunoreactivity
is localized to a restricted region of the nucleus initiating along
the nuclear envelope.

Synuclein in the presynaptic nerve terminal

Light level immunofluorescence of the electric organ is shown
in Figure 8. The organization of the electroplate cells cut in cross
section is evident as parallel membranes consisting of alternately
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innervated and noninnervated faces (Luft, 1958). In Figure 84
the use of fluorescein-conjugated lectin displays the plasma
membrane probably due to the high concentration of membrane
glycoproteins. The synuclein fusion protein antibody stains in
a punctate pattern along every other membrane. The punctate
staining, consistent with a localization to presynaptic nerve ter-
minals, is more evident in the section shown in Figure 8B. As
in the Western blotting and cell soma immunohistochemistry,
the anti 8-gal antibody was used as a control in this series of
experiments. No staining at either the light or EM level was
observed with the control antibody. Staining of axons was slight-
ly above background, suggesting axonally transported immu-
noreactive material is concentrated in the synapse.

The localization of immunoreactive material in the electric
organ was investigated at higher resolution using EM histo-
chemical experiments with colloidal gold to visualize the anti-
gen. Figure 94 shows a section through the innervated face of
the electric organ revealing the salient features of the synapse,
including the presynaptic terminal containing vesicles and mi-
tochondria. The junctional fold is apparent as an indentation
in the electric organ opposite the presynaptic terminal. To pre-
serve antigenicity, electric organ tissue was embedded in Low-
icryl followed by reaction with the synuclein fusion protein an-
tibody and protein A bound to 10 nm colloidal gold (Fig. 9B).
The experiment clearly shows a large number of gold particles
in the presynaptic terminal and relatively few in the electro-
plaque cells. Since the sections were dehydrated in ethanol, the
membranes are not well preserved, making it difficult to deter-
mine the precise localization of the antigen with respect to the
vesicles. The circular profiles do, however, represent the rem-
nants of vesicles and are indeed associated with the majority of
gold particles in the terminal. The resolution in this experiment
is insufficient to determine if the antigen is localized to the inside
or the outside of the vesicles.
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- E Figure 5. Synuclein is transported to

the electric organ—protein blot analy-
sis. Proteins were extracted as described
in Materials and Methods and separat-
ed on 15% polyacrylamide gels con-
taining 0.1% SDS and 8 m urea. Each
sample was probed with both anti g-gal
(right) and anti B-gal/synuclein fusion
protein (lef?). Electromotor nucleus (lane
A), brain (lane B), and spinal cord (lane
E)all contain a prominent band at 17.5
kDa (bottom arrow at right). Electric
organ (/ane F) contains 3 immunoreac-
tive species of molecular weights 17.5,
18.5, and 20 kDa. Muscle (lane C) and
liver (lane D) do not contain any im-
munoreactive bands not seen in the
B-gal control.

Discussion

Synuclein: repeated protein structure and cellular localization
The synuclein gene is specifically expressed in the CNS of Tor-
pedo and rat, and synuclein/g-gal immunoreactivity is localized
to a restricted area of the nucleus and to the presynaptic nerve
terminal. The predicted protein consists of an 11 amino acid
sequence that is repeated 7 or 8 times, followed by a 40-50
residue acidic tail. The repeats contain a conserved core which
is also found in the rfo gene family. Since many different types
of proteins, ranging from neuropeptide precursors (Taussig and
Scheller, 1986) to intermediate filament proteins (Myers et al.,
1987), and extracellular matrix molecules contain internally re-
peated units, this aspect of the structure does not define a func-
tion. This highly repeated structure does, however, suggest that
synuclein probably does not fold into a molecule capable of
catalytic function.

The protein blotting experiments demonstrate the presence
of at least 3 forms of synuclein, each of which differs in apparent
molecular weight by approximately 1000 Da. The lowest mo-
lecular weight species is most abundant in the electric lobe, the
brain, and the spinal cord and may represent the unmodified
protein. The higher-molecular-weight forms may represent pro-
gressively increasing modifications of individual repeat units.
The increased fraction of the higher-molecular-weight forms in
the synapse may be the result of processes that occur during
axonal transport or actually in the synapse itself.

In the neuronal cell soma, synuclein fusion protein immu-
noreactivity is localized along a patch of nuclear membrane.
The concentration of immunoreactive material dissipates to-
wards the inside of the nucleus. Immunohistochemical inves-
tigations of the localization of protein kinase C, which may be
involved in neurotransmitter metabolism (Kaczmarek, 1987),
demonstrate nerve terminal staining and a similar distribution
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Figure 7. Electron microscopic reso-
lution of synuclein in neuronal nuclei—
immunoperoxidase staining of electric
lobe neurons. A4, Section, 70 nm, stained
with antifusion protein antibody. The
only significant staining is localized to
a portion of the nucleus beginning at
the nuclear membrane (arrow). Scale
bar, 13.5 um, B, Higher magnification
of the section shown in A4. The staining
is localized in a gradient about 10 ym
wide. Scale bar, 4.6 um.

along the nuclear membrane (Wood et al., 1986; Cambier et al., nucleus. We do not yet know if this polarization is specifically
1987). However, in contrast to synuclein, in some experiments oriented with respect to other landmarks in the neuron such as

the kinase is found around the entire nucleus (Wood et al., 1986). the axon or dendrites.
Thus, synuclein defines a distinct polarization of the neuronal Two types of molecular interactions may account, at least in
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part, for the formation and maintenance of this nuclear local-
ization. A simple explanation of the gradient that begins along
the inner lining of the nuclear envelope is an apparent affinity
of synuclein for certain membranes. As a result, the affinity
constant of synuclein for the membrane will define the slope of
the gradient in the direction moving away from the membrane.
If the membrane affinity is superimposed upon self-affinity, the
large patches of immunoreactivity might be accounted for. Nat-
urally, second- or higher-order interactions could intervene in
generating the observed localization. For example, synuclein
may bind a membrane protein and have little or no affinity for
the membrane itself. Presumably synuclein is synthesized in the
cytoplasm, and since no obvious signal sequence is apparent,
we do not think the membrane-associated fraction of the protein
traverses membrane. The mode of localization in the nucleus
could involve a lateral diffusion along the endoplasmic reticu-
lum and outer nuclear membrane (Torrisi ¢t al., 1987) or more
conventional transport through nuclear pores; however, the pre-
cise molecular mechanism that underlies the compartmentaliza-
tion is unknown.

The other major site of synuclein immunoreactivity is the
presynaptic nerve terminal. Three lines of preliminary evidence
suggest synuclein may be associated with synaptic vesicles in
the nerve terminal. First, the gene was initially identified in an
expression vector screen using a serum antibody generated against
purified cholinergic synaptic vesicles. Second, the EM localiza-
tion of synuclein fusion protein antibody shows a higher con-
centration of immunoreactivity in the vicinity of vesicles. Fi-
nally, preliminary cellular fraction experiments—including
purification of vesicles using differential centrifugation, sucrose
gradients, and glass bead chromatography —suggest that at least
a portion of the protein is membrane associated (data not shown).

Proposed functions of a nuclear and synaptic protein

Since the protein structure predicted from the analysis of cDNA
clones most likely rules out an enzymatic role for synuclein in
nerve cells, we are left with the possibility of a structural and/
or regulatory function. The conservation between the divergent
species, rat and Torpedo, suggests the repeat structure is crucial
for synuclein function. An obvious nuclear function for the pro-
teins may be in the regulation of gene expression, via direct
interactions with DNA or chromatin. It is important to note,
however, that the structure of synuclein does not fall into any
of the known categories of DNA regulatory proteins. In the
synapse a large number of functions are possible for synuclein,
including trafficking, docking, membrane fusion, and ion trans-
location.

Synuclein could perform distinct, unrelated functions in spa-
tially distant cellular locations; however, one of the most inter-
esting potential roles of the proteins may be to coordinate nu-
clear and synaptic events. The weak, yet intriguing, homology
1o rho and ras, as well as the similar localization of protein
kinase C in the presynaptic nerve terminal and in some nuclei,
leads to the proposal that synuclein may be involved in signal
transduction. If, for instance, synuclein performed a regulatory
role either indirectly as a regulatory subunit or more directly,
both nuclear and synaptic events could be coordinately mod-
ulated. In this way, synuclein could be a molecular monitor of
cellular conditions, responding to changes in the physiological
state of the cell both in the nucleus and the nerve terminal.
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